KIR2DS2 is an activating homologue of KIR2DL2, an inhibitory killer-cell immunoglobulin-like receptor (KIR) that surveys expression of major histocompatibility complex-C allotypes bearing a C1 epitope. We have studied here its allele KIR2DS2 *005, which shows a hybrid structure-it is identical to other KIR2DS2 alleles in the ectodomain, but has transmembrane and cytoplasmic regions identical to those of KIR2DS3*001, a short-tailed KIR of uncertain expression and function. Our results reveal that KIR2DS2 *005 is a fusion gene-the product of an unequal crossing over by which the genes KIR2DS2 and KIR2DS3 recombined within a 400 base pair region of complete identity in intron 6. Also resulting from that recombination was a shortened KIR haplotype of the B group, in which three genes commonly linked to KIR2DS2 (KIR2DL2, KIR2DL5B and KIR2DS3) are deleted. Population studies indicate that KIR2DS2 *005 is still associated to such haplotype, and it can be found in approximately 1.2% of Caucasoids. Using a combination of two monoclonal antibodies, we also demonstrate that KIR2DS2 *005 encodes a molecule expressed on the surface of natural killer-and T-lymphocytes.
Introduction
Killer-cell immunoglobulin-like receptors (KIRs) regulate subsets of natural killer (NK)-and T-lymphocytes upon recognition of major histocompatibility complex (MHC) class-I molecules in target cells. 1 Different KIRs have opposite functions that depend on structure: KIRs having long cytoplasmic tails (Cyts) (KIR 2DL-and 3DL-) with immunoreceptor tyrosine-based inhibitory motifs suppress effector functions, whereas KIRs having short Cyts (KIR 2DSÀ and 3DSÀ) and a positively charged transmembrane (TM) amino acid activate lymphocytes through an associated DAP12 molecule. The human KIR complex spans a region of 150-200 kbp in the leukocyte receptor complex of chromosome 19 (19q13.4) , and comprises 14 KIR genes and 2 pseudogenes. 2, 3 The gene content of the KIR complex is extremely variable, which is explained by rapid evolution of KIR by mutation and recombination. 4 These processes lead to generation of new genes with extensive allelic polymorphism and copy-number variation in each species. 5 Only the genes that mark the centromeric and the telomeric ends of the human KIR complex (KIR3DL3 and KIR3DL2, respectively) are shared by nearly all humans. All other KIR genes appear with different frequencies in each population. A common combination of nine genes and pseudogenes (KIR 3DL3, 2DL3, 2DP1, 2DL1, 3DP1, 2DL4, 3DL1, 2DS4 and 3DL2) is designated as 'A' haplotype, any variations in excess from this gene content being considered as 'B' haplotype. 6 Encoded in the centromeric part of many B haplotypes are the activating receptor KIR2DS2 and its inhibitory homologue KIR2DL2. 6 Their genes are consecutive and in nearly complete linkage disequilibrium in Caucasoids. Both KIR2DL2 and its allotype KIR2DL3 recognise HLA-C alleles with asparagine in position 80; in contrast, KIR2DS2 has lost any avidity for HLA-C, despite its ectodomain differing from KIR2DL2 by only three amino-acid substitutions. 7 Twenty KIR2DS2 alleles are currently recognised by the Immuno-Polymorphism Database. 8 One allele, KIR2DS2*005, has a coding sequence that differs from the common allele KIR2DS2*001 by 10 nucleotide substitutions. These polymorphisms, shared by KIR2DS3*001, concentrate in exons 7-9, and they are translated into one amino-acid change in the TM region and four more in the Cyt region. 9 Several aspects of KIR2DS2*005 remain unsolved. First, the hybrid aspect of KIR2DS2*005 could be explained by this allele being the product of a recombination between KIR2DS2 and KIR2DS3*001, but genomic information to support this hypothesis is lacking, and other mechanisms, like convergent evolution after accumulation of successive point mutations, might also account for the features shared by KIR2DS2*005 and KIR2DS3*001. Second, the KIR haplotypes in which KIR2DS2*005 can be found are unknown, as is the distribution of this allele. Third, KIR2DS2*005 gives rise to a correctly processed mRNA, as assessed by isolation of a complete cDNA from a human library; 9 however, nothing is known about its translation into a mature protein and its possible expression on the cell surface. Expression is questionable because KIR2DS2*005 has TM and Cyt domains identical to those of KIR2DS3*001, molecule proposed to be retained intracellularly. 10 Here, we address these questions through analyses of Caucasoid individuals carrying KIR2DS2*005.
Results
Genetic features of KIR2DS2*005 In a previous study on KIR-B haplotypes, we identified a healthy Caucasoid woman carrying KIR2DS2*005, 11 an uncommon allele with a hybrid primary structure. KIR-gene segregation in her sibling revealed that KIR2DS2*005 was inherited in a KIR haplotype that lacked a KIR2DL2 gene (Figure 1 ), whereas its central and telomeric regions were characteristic of B haplotypes (KIR 3DP1-2DL4-3DS1-2DL5A*001-2DS5-2DS1-3DL2). Independent segregation of KIR2DS2 and KIR2DL2 is rather unusual, particularly among Caucasoids, in whom KIR2DS2 and KIR2DL2 appear in nearly complete linkage disequilibrium. 12 An alternative explanation to this phenotype could be the presence of a new KIR2DL2 allele in this family that escaped detection by our genotyping system due to polymorphisms that precluded annealing of polymerase chain reaction (PCR) primers. To rule out this possibility and, also, to map KIR2DS2*005 in the unusual haplotype, we studied its arrangement through analysis of the genes flanking KIR2DS2*005. Using a KIR-gene walking approach, 11 we found KIR2DS2*005 downstream of KIR3DL3, the normal arrangement of these two genes. On the contrary, we found that KIR2DS2 was followed not by KIR2DL2 as it happens in most haplotypes, but by the KIR2DP1 pseudogene, from which KIR2DS2 is normally separated by three KIR genes (Figure 1 ). This finding was in agreement with the lack of KIR2DL2 in the donor, as ascertained by PCR-sequence-specific primer (SSP) typing.
We isolated a cDNA of KIR2DS2*005 from one family member whose genome carried a single copy of the KIR2DS2 gene, and confirmed that its nucleotide sequence matched the coding regions reported previously by Rajalingam et al. 9 and Hou et al. (GenBank accession no. EU156177, unpublished). KIR2DS2*005 displays an apparently hybrid primary structure: exons 1 through 5, encoding the extracellular region, are identical to those of other KIR2DS2 alleles; whereas exons 7 through 9, encoding the TM and Cyt regions, match those of a different gene, KIR2DS3*001, and differ from the predominant KIR2DS2*00101 allele by 10 nucleotide substitutions. Exon 6, coding for the stem that connects the Ig-like domains with the TM region, is identical in nearly all alleles of KIR2DS2 (including *005) and of KIR2DS3.
To elucidate whether these hybrid features of KIR2DS2*005 derive from being a fusion gene, or they are the result of convergent evolution (accumulation of successive point mutations in exons 7-9 of KIR2DS2), we amplified 7.7 kbp of KIR2DS2*005 by long-range PCR on genomic DNA of donor C180F2. The amplicon spanned the fifth and seventh exons of KIR2DS2*005, and the intervening introns. Sequence analysis demonstrated ( Figure 2 haplotype is compared with a common KIR-B haplotype to illustrate apparent deletion of three genes in the former. Such deletion is consistent with the likely origin of KIR2DS2*005 ( Figure 5 ). KIR3DP1*003 and KIR2DS4*003 were not distinguished from other alleles carrying exon 2 and exon 5 deletions, respectively; and KIR2DS2*001 stands for any KIR2DS2 alleles carrying canonical transmembrane and Cyt regions.
Characterisation of the fusion gene KIR2DS2*005 D Ordóñez et al nucleotide indel; and (iii) that the 407 bp in between have the identical sequence in all three alleles. Such pattern of homologies strongly supports that KIR2DS2 and KIR2DS3 recombined at some point within their 407 bplong identical region in intron 6, producing a fusion gene, KIR2DS2*005, along with a novel KIR haplotype.
Distribution of KIR2DS2*005
Genotyping of KIR2DS2*005 is complicated by the identity of this allele to different other KIR sequences over its 5 0 -and 3 0 -exons. Unambiguous PCR identification of its coding sequence would require combining oligonucleotide primers targeting exonic polymorphisms located 7.7 kbp apart. To achieve simpler detection of KIR2DS2*005, we took advantage of the hybrid structure of its sixth intron and designed a PCR-SSP method that combines forward and reverse primers for its KIR2DS2-like and KIR2DS3-like regions, respectively. Those primers amplify specifically a fragment of 669 bp only in KIR2DS2*005-positive DNAs ( Figure 3 ). With this method, we studied 142 KIR2DS2-positive DNAs selected from a population of 248 unrelated Spanish Caucasoids controls. Two individuals, besides cell C180, turned positive, giving a frequency of 1.21% for KIR2DS2*005 (95% confidence interval: 0-2.57%). From one of these donors, C052 (Table 1) , we obtained a DNA sequence of KIR2DS2*005 intron 6 that matched exactly the one isolated from family C180.
As shown in Table 1 , one of the additional KIR2DS2*005 DNAs (C342) shared the KIR phenotype 2DS2 pos -(2DL2-2DL5B-2DS3) neg with members of the C180 family. Similarly, another KIR2DS2*005 cell reported by Dr CK Hurley also lacked the same three genes (RDP76 , Table 1 ). Furthermore, we found KIR2DS2*005 in one of two transplant patients in whom that gene combination was observed (LH236, Table 1 ). Therefore, the KIR phenotype 2DS2 pos -(2DL2-2DL5B-2DS3)
neg is a good marker of KIR2DS2*005-associated haplotypes; however, deletion of KIR2DL2, their most conspicuous trait, may be concealed in some cases by presence of this gene in the other chromosome (for example, C180, Figure 1 ). An identical gene combination has recently been reported to segregate in 1.2% of Northern Irish, 12 who might carry KIR2DS2*005-associated haplotypes.
We assessed for possible existence of a hybrid gene mirroring KIR2DS2*005 (that is a hypothetical KIR gene combining a 5
0 region similar to KIR2DS3 with a 3 0 region Figure 2 Intron 6 sequence supports KIR2DS2*005 being a fusion gene of KIR2DS2 and KIR2DS3. The DNA sequence of KIR2DS2*005 intron 6 is compared with those of KIR2DS2*0010102 and KIR2DS3*0010301 (both from GenBank/EMBL/DDBJ accession no. AY320039). Partial sequences of exons 6 and 7 are shown underlined in capital letters. Numbering refers to the first nucleotide shown in the alignment. Dots represent identity to KIR2DS2*005, and dashes, indels. To reduce figure size, the sequence between nucleotides 800 and 2800 of KIR2DS2*005 has been omitted; in the omitted region, KIR2DS2*005 is identical to KIR2DS2*0010102, and differs from KIR2DS3*0010301 by 22 base substitutions and deletion of one nucleotide. The regions of high homology between KIR2DS2*005 and either KIR2DS2*0010102 or KIR2DS3*0010301 are shaded in the latter two sequences. The KIR2DS2*005 product is expressed on the cell surface As KIR2DS2*005 shares part of its primary structure with KIR2DS3, and the latter KIR has been proposed to be retained intracellularly, 10 it is of interest to determine the expression of KIR2DS2*005, which has never been investigated. KIR2DS2 products are difficult to identify in fresh uncloned NK cells because monoclonal antibodies (mAbs) monospecific for KIR2DS2 are lacking-all the available mAbs that detect KIR2DS2 also recognise its inhibitory homologues KIR2DL2 and KIR2DL3. A further complication is that most genomes having KIR2DS2 carry also KIR2DL2 and, often, KIR2DL3. To assess for surface expression of KIR2DS2*005, we used a flow cytometry approach similar to that reported by Pende et al. 13 mAb 180701, specific for KIR2DL3, was combined with mAb DX27, which stains all three KIR2DS2, KIR2DL2 and KIR2DL3, to discriminate between the subpopulations that express KIR2DL3 and/or KIR2DL2/S2 (Figure 4) .
Flow cytometry analysis of peripheral blood mononuclear cells (PBMCs) of donor C180F2, who has KIR2DS2*005 and KIR2DL3 but lacks KIR2DL2, and of control cells, defined up to three subpopulations: double negative cells, which lack expression of the three receptors; cells positive for both antibodies, which express KIR2DL3, with or without KIR2DL/S2 (concealed in these cells); and cells that bind DX27 but not 180701. In general, the last subpopulation contains cells that express KIR2DS2, KIR2DL2, or both, but not KIR2DL3. In donor C180F2, who lacks a KIR2DL2 gene, the DX27
þ -180701 À subpopulation represents cells expressing only KIR2DS2, demonstrating surface expression of allele KIR2DS2*005 (Figure 4) . Furthermore, the density of the receptor on the surface, as assessed by the median fluorescence intensity achieved with antibody DX27, is not dissimilar to those of the KIR2DL3 and KIR2DL2/S2 populations seen in the same and in other cells.
Discussion
KIRs evolve rapidly, driven by selective pressure of pathogens that tamper HLA expression. 4 Ancestral KIR genes mutate through multiple mechanisms, which often obscure orthology relationships between the KIR of different species. Accumulation of successive amino-acid substitutions results in progressive change of the receptor function, including loss or modification of old properties and acquisition of new ones. Through this mechanism, KIR2DS2 appears to have lost an ancestral capacity to recognise MHC-C ligands with asparagine in Figure 1 . Such cells, like C180 or C342, will lack a 2DL3 gene. Characterisation of the fusion gene KIR2DS2*005 D Ordóñez et al position 80 (the 'C1' epitope), specificity still seen in its inhibitory homologues in humans (KIR2DL2 and, more distantly related, KIR2DL3) and in several activating and inhibitory KIR of apes. 7 Besides point mutation, species acquire new KIR with novel functions more rapidly by asymmetric recombination. This leads, in first place, to haplotypes with gene loss and gene duplication, 14, 15 which seem the origin of KIR2DS2 and KIR2DL2, encoded by paralogous genes. When recombination takes place within a gene, the resulting hybrids combine features (binding, signalling and mRNA expression) of the receptors that participated in the recombination. Through the latter mechanism, the KIR2DS2 ancestor is believed to have acquired the activating tail that characterises this receptor. 16 Our results indicate that subsequent crossing over introduced the C-terminal region of KIR2DS3 into a KIR2DS2 gene, resulting in the chimerical allele KIR2DS2*005 ( Figure 5 ). This origin is evident from the distribution of sequence homologies of this allele in intron 6 (Figure 2) .
Another consequence of the asymmetric recombination was the loss of the genes that separate KIR2DS2 and KIR2DP1 in many KIR-B haplotypes-KIR2DL2, KIR2DL5B and KIR2DS3. 6 We have found KIR2DS2*005 always associated with such KIR haplotype, possibly owing to recent origin of the allele. Also consistent with a recent origin is the fact that both the coding and the noncoding sequences of KIR2DS2*005 are still nearly identical to the homologous regions of other alleles of its ancestral genes ( Figure 2 ). Two recombination mechanisms could have given rise to KIR2DS2*005. Intrachromosomic recombination would result in a KIR2DS2*005 haplotype with no reciprocal counterpart, since the excision circle would be lost (Figure 5b ). In contrast, recombination between sister chromatids would yield two new haplotypes, each carrying a different chimerical gene and reciprocal sets of gene duplications or deletions (Figure 5c ). We have proposed previously that such mechanism explains haplotypes carrying duplications or deletions of the same central genes in the KIR cluster-KIR3DP1, KIR2DL4 and KIR3DL1/S1. 15 The counterpart of the KIR2DS2*005-associated haplotype would be the one carrying a chimera coding for the Ig-like domains of KIR2DS3 fused to a KIR2DS2 tail, and duplicated KIR2DL2, KIR2DL5B and KIR2DS3 genes. Such haplotypes are yet to be found, and we have failed to identify the putative chimerical KIR2DS3 allele using PCR primers for its predicted sixth intron. Of interest, another KIR2DS3 allele (*002) appears to have acquired exons 7-9 of KIR2DS5.
11 KIR intron 6 thus seems prone to recombine, facilitating the exchange of the signalling and the ligandbinding regions between different KIR.
Prior to this study, the KIR2DS2*005 product had not been identified. Using flow cytometry with a combination of two mAbs of partially overlapping specificities (Figure 4) , we have demonstrated KIR2DS2*005 expression on the surface of resting NK-and T-lymphocytes. Surface expression was previously uncertain because of sequence similarity with KIR2DS3, a receptor claimed to remain intracellular. 10 Studies on the signalling capacity of the KIR2DS3 tail are lacking, but KIR2DS5, 17 from which the intracellular tail of KIR2DS2*005 and KIR2DS3*001 differ by a single amino acid (asparagine for aspartate-271), triggers NK cytotoxicity and cytokine secretion upon antibody-mediated crosslink; 18 therefore, KIR2DS2*005 is predictably an activating molecule.
The haplotype associated with KIR2DS2*005 gathers an unusual combination of features. First, it is one of the Characterisation of the fusion gene KIR2DS2*005 D Ordóñez et al rare haplotypes that lack both KIR2DL2 and KIR2DL3, the genes encoding inhibitory receptors for the 'HLA-C1' epitope. Second, the KIR2DS2*005 function is unknown in two aspects: the KIR2DS2 ectodomain has lost virtually all binding capacity to HLA-C ligands, being unknown whether these have been substituted by altered or pathogenencoded ligands. 7 In KIR2DS2*005, that ectodomain is fused to a Cyt tail that diverges from those of canonical alleles and might transmit slightly different activating signals. This haplotype might therefore represent a step in an evolutionary process by which human NK cells replace an ancestral role, surveillance of MHC-C1 epitope expression through paired activating-inhibitory receptors, by a new one-detection of an unknown, potentially dangerous ligand by means of a novel activating receptor.
Materials and methods

Samples
Peripheral blood samples were collected from healthy donors after informed consent, and PBMCs were isolated by Ficoll-Hypaque density gradient centrifugation (Lymphoprep, Axis-Shield PoC AS, Oslo, Norway). DNA was purified using a salting-out method or a Maxwell 16 System (Promega, Madison, WI, USA). Total RNA was extracted from PBMCs using the RNeasy Plus Mini kit (Qiagen GmbH, D-40724, Hilden). Complementary DNA was synthesised from 1 mg of RNA using the Ready-toGo T-Primed First Strand kit (Amersham Biosciences, Piscataway, NJ, USA).
Genetic analyses
Genotyping. Generic KIR typing, allelic KIR2DL5 and KIR2DS3 typing, and long-range PCR for initial KIR2DS2*005 identification were done as described. 11, 19, 20 A new PCR-SSP method for specific detection of KIR2DS2*005 was designed: genomic DNA was amplified using 0.2 U of BioTaq DNA polymerase (Bioline, London, UK), and primers Fi6a þ 3019b (forward, The KIR genes flanking KIR2DS2*005 in donor C180F2 genomic DNA were determined using KIR-gene walking protocols similar to those we have reported previously DNA sequencing. All PCR products were submitted to direct nucleotide sequencing with no cloning step. Previously, residual dNTP and PCR primers were eliminated with ExoSAP-IT (USB Corporation, Cleveland, OH, USA) following the provider guidelines. PCR products were then sequenced using BigDye terminator v3.1 or v1.1 cycle sequencing kits (Applied Biosystems, Foster City, CA, USA). Reactions were processed in a 3100-Avant automated DNA sequencer (Applied Biosystems) in the central DNA sequencing facility of Hospital Universitario Puerta de Hierro. Nucleotide sequences of KIR2DS2*005 were deposited in the EMBL database under the accession numbers FR750993-FR750995.
